Colloidal silver is widely used owing to its specific properties, which enable it to be applied in various fields. In this work, adsorption of commercially available silver nanoparticles (AgNPs; NanoSilver PVP 1000) on glass beads was investigated. The glass microspheres (70-110 μm) were used as model particles. The adsorption of AgNPs on the glass beads surface was investigated in terms of adsorbent dosage. The adsorption isotherm was determined with the adsorbent dosage of 100 g/l and the AgNPs in range 100-1000 mg/l. It was found that adsorption isotherm data best fitted the Langmuir model. Kinetics of AgNPs adsorption onto glass beads followed a pseudo-second-order model. The interaction between glass microspheres surface and polyvinylpyrrolidone (PVP)-coated AgNPs is due to hydrogen bonding with oxygen of carbonyl groups of PVP and silanol groups on the glass surface.
INTRODUCTION
Silver nanoparticles (AgNPs) are of special interest because of their properties, such as good conductivity, chemical stability, catalytic and antibacterial properties (Sadowski 2010; Sadowski et al. 2008; Sharma et al. 2009 ). The preparation and stabilization methods of AgNPs have a significant influence on their surface properties and ability to attach and adhere to various surfaces and form more or less uniform layers.
Glass microspheres are often used as the model system. For example, in a cohesive force apparatus where interactions between two individual particles under various conditions were investigated, the effect of surfactants and polymers on particle-particle cohesion was monitored in relation to flocculation and dispersion (Somasundaran et al. 2005) . Rossetti and Simons (2003) have proposed a new technique to study the forces developed in liquid bridges between spherical particles and pharmaceutical powders. This method is known as a micro force balance and glass beads were used as model spheres.
Bare and modified glass beads of various particle sizes were used to study the effect of particle properties on the penetration kinetics and wettability by capillary rise method (Dang and Hupka 2005; Hołownia et al. 2008; Polowczyk et al. 2014) .
Park and co-workers (1999) investigated the adsorption of colloidal silver onto glass slides modified with self-assembled monolayers (SAMs) of bifunctional silanes containing either amine or thiol groups on the opposite end of the molecule. The specific affinity of Ag colloids to the amine functional groups of the SAMs on the glass surface allowed the formation of well-ordered, stable and reproducible multilayer; however, the rate of first monolayer formation is faster than the rate of multilayer formation.
In this study, adsorption of commercially available AgNPs (NanoSilver PVP 1000) onto glass microspheres, which were used as model particles, was investigated.
EXPERIMENTAL ANALYSIS
A commercially available silver dispersion (NanoSilver PVP 1000, Amepox) was used. NanoSilver PVP 1000 is a unique type of formulation containing nano-sized silver dispersed in water. According to the information provided by the manufacturer, the colloid contains AgNPs (50-60 nm) of concentration 1000 mg/l stabilized by polyvinylpyrrolidone (PVP).
The glass microspheres (Potters) were used as model particles and had smooth surface to eliminate the roughness effect. The glass beads (70-110 μm) were first treated with piranha etch (mixture of hydrogen peroxide and sulphuric acid) to remove organic impurities and then washed with deionized water and dried. Particle-size analysis indicated median diameter (d 50 ) of approximately 85 μm, and d 10 and d 90 were 68 and 105 μm, respectively. Specific surface area (BET) was found to be 0.034 m 2 /g.
The adsorption of AgNPs on the surface of glass beads was investigated in terms of adsorbent dosage (i.e. 1-175 g) of glass microspheres per litre of NanoSilver solution. Adsorption isotherm was determined with the adsorbent dosage of 100 g/l and the silver concentration in the range of 100-1000 mg/l after treating the microspheres with AgNPs solution for 24 hours. The kinetics of the process was evaluated using a batch technique, starting from 2 minutes to 6 hours for 500 and 1000 mg/l Ag solution and 100 g/l adsorbent dosage.
The spectrum of the silver solution within the 300-600-nm range showed maximum at 407 nm, and thus, the concentration of AgNPs was analyzed spectrophotometrically at this wavelength. All experiments were carried out at 25 °C.
RESULTS

Effect of Adsorbent Dosage
To investigate the role of adsorbent amount and concentration on the uptake of AgNPs by glass microspheres, both the equilibrium adsorption amount (milligram of Ag/gram of adsorbent) and nanoparticle removal were shown in terms of adsorbent dosage (Figure 1 ).
It was found that in the investigated adsorbent dosage and AgNPs concentration range, the maximum NanoSilver removal was approximately 75% (for the highest adsorbent amount), and the maximum adsorption was approximately 240 mg Ag /g. As expected, the adsorption efficiency increased in value with increasing adsorbent dosage due to the increase in the number of 732 I. Polowczyk et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 Adsorption ( adsorption sites and greater surface area for a fixed AgNPs concentration. However, the adsorption amount was higher at lower adsorbent dosage due to large number of sites available for AgNPs. The decrease in adsorption values can be attributed to some of the sites remaining unsaturated during the adsorption process.
Adsorption Isotherm
The adsorption amount of NanoSilver particles onto glass beads surface with percentage removal of AgNPs from solution is shown in Figure 2 (a). Within the initial concentration of 100-600 mg/l, almost complete removal of AgNPs from solution was observed. Above this value, with increasing concentration of AgNPs, the adsorbed amount increased up to about 6.9 mg/g of microspheres, and consequently the removal decreased to approximately 69%.
To analyze experimental data, Langmuir and Freundlich adsorption models were considered. The Langmuir isotherm equation and its commonly used linear regression form are given as follows (Langmuir 1918 where c eq is the equilibrium concentration (mg/l), q e is the amount adsorbed at equilibrium (mg/g adsorbent ), Q L is the adsorption capacity (mg/g adsorbent ) and K L is the Langmuir adsorption constant related to the binding energy of the system (l/mg). The maximum adsorption capacity and the Langmuir adsorption constant obtained from the model are shown in Table 1 . High coefficient of determination, R 2 , confirms that equilibrium adsorption data can be described using the Langmuir isotherm model and there is a monolayer of nanoparticles on glass microspheres' surface. Thus, the energy of adsorption for each nanoparticle is independent of surface coverage and that the overall rate of adsorption is far relative to the initial rate.
The Langmuir isotherm represents a monolayer coverage adsorption model and the uniform maximum uptake, Q L , was calculated to be 6.93 mg of AgNPs/gram of glass microspheres. The linear fit of the Langmuir model to experimental data is shown in Figure 2(b) .
Adsorption Kinetics
The kinetic curves of adsorption of AgNPs onto glass microspheres for two initial concentrations of adsorbate (500 and 1000 mg/l) are shown in Figure 3 .
Ho and co-workers (2000) gave a very useful guide to the identification of a potential mechanism of adsorption. If equilibrium is attained in 3 hours, the process is usually kinetically controlled, and if above 1 day, it is diffusively controlled. Between 3 and 24 hours, either or both kinetic and diffusion processes may be rate controlling.
Because the surface of glass microspheres is smooth and without pores, the intraparticle diffusion was not taken into account, and the adsorption of AgNPs was only analyzed in the kinetic-rate-controlling terms of pseudo-first-order (PFO) and pseudo-second-order (PSO) models.
The PFO Lagergren kinetic model is commonly used to describe the adsorption process in solid-liquid systems in the following linear form (Lagergren 1898):
(2) where q t is the adsorption capacity at time t (mg/g), Q e is the amount of solute adsorbed at equilibrium (mg/g) and k 1 is the rate constant of the PFO adsorption (1/minute).
The PSO kinetic model equation has been widely used due to the excellent fit of experimental data for the entire adsorption period in many adsorbate-adsorbent systems, and can be expressed as follows (Ho and McKay 1999) :
( 3) where k 2 is the adsorption rate constant [g/(mg·minute)], q m is the amount of adsorbate at equilibrium (mg/g) and q t is the amount of adsorbate retained on the surface of the adsorbent at any time t (mg/g). The term k 2 q m 2 = h denotes the initial adsorption rate [mg/(g·minute)]. The constants obtained for both PFO and PSO model equations are listed in Table 2 . High coefficients of determination confirm good compliance with the PSO model. The initial adsorption rates, h, decreased when the initial NanoSilver concentration was raised from 500 to 1000 mg/l. The value of the overall adsorption rate constant, k 2 , was found to decrease with increasing initial nanoparticles concentration.
From the adsorption isotherm data, the maximum adsorption capacity was found to be 6.93 mg/g for initial concentration of nanoparticles of 1000 mg/l and 24 hours of contacting time. Thus, comparing the kinetics curve for this silver concentration and the maximum adsorption value obtained from the PSO model (6.40 mg/g), it can be concluded that equilibrium can be reached after 6 hours of contact between the adsorbate and the adsorbent. However, for lower NanoSilver initial concentration of 500 mg/l, 6 hours is sufficient to attain adsorption equilibrium when almost complete removal is anticipated.
To understand the interaction between AgNPs and glass surface, the surface properties were analyzed. It was found that the zeta potential value of NanoSilver is around zero in the investigated pH range (4.5-5.5). The zeta potential values near zero indicate that the particles are likely to agglomerate, unless stabilized by non-electrical factors. By contrast, NanoSilver stays stable for a long time, and the stability of AgNPs is provided by the layer of protective polymer PVP and the so-called steric stabilization. PVP is a homopolymer whose polyvinyl skeleton contains polar groups; nitrogen and oxygen atoms in these groups have a strong affinity for silver ions and nanoparticles (Chen et al. 2009 ). In addition, PVP can non-covalently interact with glass surfaces (Milanova et al. 2012) . The surface of glass microspheres was found to be hydrophilic and negatively charged (Polowczyk et al. 2014) . It can be concluded that the interaction between glass microspheres surface and PVP-coated AgNPs is neither covalent nor electrostatic in nature and silanol groups present on the glass surface interact due to hydrogen bonding with nitrogen or oxygen of PVP (Kaneta et al. 2006) .
CONCLUSION
In summary, in the investigated adsorbent dosage and silver concentration, the maximum NanoSilver removal was approximately 75%, whereas the maximum adsorption was about 240 mg/g. If the initial concentration of AgNPs is declined from 1000 to 600 mg/l, almost complete removal of AgNPs from solution is possible. From two investigated adsorption models, it was found that equilibrium adsorption experimental data best fitted the Langmuir model. To investigate the mechanism of adsorption of AgNPs onto glass beads, kinetic models, where the reaction order depends on the capacity of the adsorbent, were considered. High correlation coefficients confirm that the NanoSilver adsorption kinetics onto glass microspheres followed the PSO model. A 6-hour period is sufficient to reach adsorption equilibrium when the initial concentration of AgNP is lower enough to reach almost complete removal. Adsorption of NanoSilver onto glass microspheres surface occurs due to hydrogen bonding between the oxygen of PVP and silanol groups of glass.
